Through encounters with predators, competitors, and noxious stimuli, animals have evolved defensive responses that minimize injury and are essential for survival. Physiological adaptation modulates the stimulus intensities that trigger such nocifensive behaviors, but the molecular networks that define their operating range are largely unknown. Here, we identify a gain-of-function allele of the cmk-1 CaMKI gene in C. elegans and show that loss of the regulatory domain of the CaMKI enzyme produces thermal analgesia and shifts the operating range for nocifensive heat avoidance to higher temperatures. Such analgesia depends on nuclear CMK-1 signaling, while cytoplasmic CMK-1 signaling lowers the threshold for thermal avoidance. CMK-1 acts downstream of heat detection in thermal receptor neurons and controls neuropeptide release. Our results establish CaMKI as a key regulator of the operating range for nocifensive behaviors and suggest strategies for producing thermal analgesia through the regulation of CaMKI-dependent signaling.
INTRODUCTION
Animals use behavioral responses to avoid damaging situations. Noxious stimuli are detected by primary sensory neurons called nociceptors that transmit information to the central nervous system to produce appropriate evasive, nocifensive behaviors. Thresholds for perception and activation of such behaviors are not fixed but can increase and decrease under a variety of conditions. For example, stressors, such as fighting with prey or predators, increase the nociceptive threshold (analgesia) such that animals can execute effective behaviors without the impeding sensation of pain (Amit and Galina, 1986) . Additionally, prolonged or repeated exposure to noxious stimuli can result in sensitization or desensitization of nociceptive responses (Treede, 1995; Walters, 1991) . Nociceptive plasticity is also important in pathological situations and has been shown to originate from changes in the central nervous system and in peripheral nociceptors. The adaptation of nociceptor function is implicated in the transition from acute to chronic pain, where the inability to properly desensitize or to remain in a desensitized state can contribute to chronic pain establishment (Gold and Gebhart, 2010; Reichling and Levine, 2009) .
Caenorhabditis elegans produces robust avoidance behaviors in response to various noxious stimuli and provides an attractive model system in which to investigate the molecular and neural bases of aversive behaviors (de Bono and Maricq, 2005) . In particular, C. elegans efficiently avoids noxious heat (Glauser, 2013; Schild and Glauser, 2013; Wittenburg and Baumeister, 1999) , and this behavior is under the control of multiple genetic and neural circuits (Ghosh et al., 2012; Glauser et al., 2011a; Liu et al., 2012; Mohammadi et al., 2013; Wittenburg and Baumeister, 1999) . Primary thermoreceptor neurons able to respond to noxious temperatures include the AFD neurons in the head amphid organs (Liu et al., 2012) , the polymodal FLP nociceptors in the head (Chatzigeorgiou et al., 2010; Liu et al., 2012) , the PVD nociceptors in the mid body (Mohammadi et al., 2013) , and the PHC neurons in the tail (Liu et al., 2012) .
In mammals, CaM kinase I and IV (CaMKI and CaMKIV) are two important mediators of intracellular Ca 2+ signaling (Soderling, 1999) . In the nervous system, these kinases are implicated in signal transduction, gene transcription, synaptic development and plasticity, and memory (Hook and Means, 2001; Wayman et al., 2008) . CaMKIV is expressed in both the cytoplasm and the nucleus. CaMKI was initially described as a cytoplasmic protein. However, at least one isoform of the protein can translocate into the nucleus (Sakagami et al., 2005) . For many processes regulated by CaMKI/IV, the subcellular place of action of the protein has not been determined or remains controversial (Stedman et al., 2004; Wayman et al., 2008) . In C. elegans, CMK-1 is the only protein homologous to CaMKI and CaMKIV and is expressed throughout the nervous system (Satterlee et al., 2004) . CaM kinase protein domains are remarkably well conserved between nematodes and mammals. A well-conserved, N-terminal kinase catalytic domain covers most of the protein. In the C terminus, the regulatory domain includes an autoinhibition domain and a partially overlapping CaM binding domain (Goldberg et al., 1996; Hook and Means, 2001 ). In the absence of CaM binding, the regulatory domain maintains the catalytic domain in an inactive state. This brake is released upon CaM binding. CaM kinase activation can also be promoted by its phosphorylation by CaM kinase kinase (CaMKK). The Ca 2+ /CaM-CaMKK-CaMK pathway is functionally conserved in worms and humans (Eto et al., 1999) .
Loss of CMK-1 function in C. elegans disrupts experiencedependent thermotaxis, a behavior that operates within the physiological, innocuous temperature range. Re-expressing wild-type CMK-1 in the AFD thermoreceptor neurons restores normal negative thermotaxis and isothermal tracking (Satterlee et al., 2004; Yu et al., 2014) . Despite its widespread expression throughout the nervous system, however, no other role for CMK-1 in controlling behavior has been reported for CMK-1 in C. elegans. Here, we show that past experience modulates the operating range for noxious heat avoidance in C. elegans and that this experience-dependent modulation depends on CMK-1 signaling. Whereas CMK-1 was previously thought to reside exclusively in the cytoplasm, we present evidence that CMK-1 can shuttle between the nucleus and the cytoplasm, which controls noxious heat avoidance. We demonstrate that nuclear CMK-1 signaling in thermal nociceptors inhibits avoidance and produces analgesia, whereas CMK-1 cytoplasmic signaling promotes avoidance and produces hyperalgesia. Our data provide insights into a role of CaM kinase signaling in controlling avoidance behaviors and reveal that compartmentalized CaM kinase signaling shifts the thermal operating range for nocifensive behavior.
RESULTS
Prolonged Exposure to Noxious Heat and cmk-1(pg58) Mutation Increase the Threshold for Heat Avoidance Prior temperature experience has long been known to modulate thermosensory behaviors of C. elegans in the physiological temperature range (Hedgecock and Russell, 1975) . We asked whether past experience also modulates noxious heat avoidance behavior. Using noxious heat thermogradient assays (Glauser et al., 2011a) , we found that acclimation at the moderately noxious temperature of 28 C for 1 hr or more caused a subsequent increase in the threshold of noxious heat avoidance ( Figures 1A and 1B) . Indeed, wild-type animals pretreated at 28 C robustly avoided temperatures > 34.5 C (90 th percentile of the distribution), whereas animals grown at 20 C avoided temperatures > 33 C ( Figure 1A ). To identify genes required for thermal avoidance behavior, we performed an unbiased forward genetic screen for animals defective in noxious heat avoidance. A double heat barrier assay was designed for the purpose of this screen. In this assay, animals cross a Petri dish to reach a blend of attractive odorants; to do so they need to crawl under two thermal barriers (as illustrated in Figure S1A , available online). While wild-type animals were repelled by the barriers and rarely crossed both of them, the pg58 mutant isolated from this screen robustly crossed both barriers ( Figure S1B ). Moreover, in noxious heat thermogradient assays ( Figure 1C ), the distribution of pg58 animals grown (A) Impact of thermal acclimation on noxious heat avoidance in wild-type (N2). Worms were placed on the cool side of a thermogradient and attracted to the hot side with a spot of attractive odorant. The distribution of animals was scored after 15 min and plotted as a probability density function. Worms were conditioned for 2 hr at 20 C or 28 C prior to testing. Data were pooled from at least five independent assays, each scoring more than 100 animals.
(B) Heat avoidance index as a function of acclimation time at 28 C. Points are the mean ± SEM of n R 5 assays. A one-way ANOVA showed a significant effect of acclimation time (p < 0.01). *p < 0.001 by Dunnett's post hoc tests versus baseline (at t = 0). Smooth line is a fit of the data to a single exponential decay.
(C) Distribution of wild-type (N2) animals and cmk-1(pg58) mutants in noxious heat thermogradients (29 C-37 C), tested as in (A). Data were pooled from at least 26 independent assays/genotype, each scoring more than 100 animals. (D) Heat avoidance index of wild-type animals, cmk-1(pg58) gain-of-function mutants, and cmk-1(ok287) null mutants maintained at 20 C or acclimated 1 hr at 28 C. Bars are the mean ± SEM of at least five independent assays/genotype. A one-way ANOVA showed a significant genotype 3 acclimation interaction effect and was followed by Bonferroni post hoc tests: *p < 0.01; ns, not significant. See also Figure S1 .
at 20 C was shifted toward higher temperatures, similar to the distribution of wild-type animals pre-exposed to noxious heat ( Figure 1A) . In contrast to wild-type, no further change in thermal avoidance was visible in pg58 mutants when acclimated at 28 C ( Figure 1D ). Nevertheless, pg58 animals continued to avoid temperatures > 35 C, indicating that they retain the ability to avoid very high temperatures. Using SNP mapping (Wicks et al., 2001 ) and whole-genome sequencing (Sarin et al., 2008) , we associated the thermal avoidance defect in pg58 animals with a new mutation in the CaM kinase-1 gene cmk-1, which was verified by Sanger sequencing (Figure 2A ). Taken together, these results show that recent thermal experience modulates C. elegans heat avoidance and identify a mutation in cmk-1 that reduces thermal avoidance.
pg58 Is a Gain-of-Function Allele of cmk-1 Causing the Expression of a Truncated Protein We further characterized the molecular and genetic natures of the pg58 mutation in cmk-1. Due to a premature stop codon (W305 / stop), the mutated gene is predicted to encode a truncated CMK-1(1-304) protein that lacks most of its regulatory domain and a nuclear export sequence (NES) but retains the full kinase catalytic domain (Figure 2A ). Thus, the pg58 mutation might not be a loss-of-function allele, but rather cause a gain of function with potentially altered protein subcellular localization. This model is strongly supported by the results of genetic and expression analyses reported below.
First, we found that both noxious heat avoidance and thermotaxis phenotypes of cmk-1(pg58) animals were distinct from Results are mean ± SEM of three independent biological samples, each assayed in duplicate. A one-way ANOVA showed a significant genotype effect (p < 0.01) and was followed by Bonferroni post hoc tests: *p < 0.01 versus N2; ns, not significant. (C) Fluorescence images of animals expressing either CMK-1(1-348)::GFP (full-length CMK-1, left) or CMK-1(1-304)::GFP (corresponding to the pg58 truncation, right). The constructs were expressed under the control of the cmk-1 promoter. Scale bars, 100 mm. (D and E) Subcellular localization of full-length CMK-1(1-348) and truncated CMK-1(1-304) proteins expressed under the control of the cmk-1 promoter. Representative deconvolved images taken in the head (D) and the tail (E). Scale bars, 3 mm. (F) Distribution of the subcellular localization of CMK-1 isoforms shown in (D) and (E). The numbers of neurons assessed are indicated to the right of each bar. *p < 0.01 by chi-square test. These data were obtained in the cmk-1(wt) genetic background. We observed similar results in the cmk-1(ok287) null background ( Figure S2 ). those of animals carrying null alleles of cmk-1. For instance, cmk-1(pg58) animals have decreased heat avoidance, and cmk-1(oy21) and cmk-1(ok287) null mutants avoid noxious heat like wild-type when grown at 20 C ( Figure S1C ). Nevertheless, cmk-1 null animals have a defect in thermal avoidance adaptation since they failed to reduce avoidance following acclimation to 28 C ( Figure 1D ). Additionally, thermotaxis at innocuous temperatures was intact in cmk-1(pg58) and defective in cmk-1 null mutants (Satterlee et al., 2004) (Figure S1D ). Taken together, these different effects of cmk-1 alleles on temperature-dependent behaviors suggest that pg58 is a gain-of-function allele. These data also indicate that CMK-1 signaling is not required for noxious avoidance to take place, but instead acts to modulate this response according to past experience.
Second, we examined cmk-1 expression in wild-type and mutant animals. Using RT-qPCR, we observed no significant difference in cmk-1 transcript levels between wild-type animals and pg58 mutants, whereas they were decreased in animals carrying the oy21 allele that encodes an earlier stop codon (Figure 2B) . Furthermore, when expressed downstream of the cmk-1 promoter, a full-length CMK-1(1-348)::GFP protein and a truncated CMK-1(1-304)::GFP protein (predicted from the pg58 sequence) were expressed at similar levels throughout the nervous system ( Figure 2C ). Collectively, these analyses suggest that the pg58 mutation does not significantly destabilize either cmk-1 transcripts or the translated protein and is likely to result in the expression of a truncated CMK-1(1-304) protein.
The Truncated Protein CMK-1(1-304) Abnormally Accumulates in the Nucleus In mammals, CaMKI truncations similar to that encoded by the pg58 mutation cause abnormal expression of the protein in the nucleus (Stedman et al., 2004) . We also noted that the pg58 truncation removes a predicted NES (residues 318-323) (Fu et al., 2011) . Thus, we examined the subcellular localization of CMK-1::GFP fusion proteins expressed under the control of the cmk-1 promoter. With the full-length CMK-1(1-348)::GFP fusion, the signal appeared predominantly in the cytoplasm and was detected in neurites, as well as in neuronal cell bodies. In most neuronal cell bodies (>90%), the fluorescence was lower in the nucleus than in the cytoplasm ( Figures 2D-2F and S2 ). The truncated CMK-1(1-304)::GFP protein corresponding to pg58 mutation was also detected in neurites and cell bodies. However, in contrast to the full-length protein, the truncated protein yielded a robust nuclear signal in most neurons that was as intense as the cytoplasmic signal ( Figures 2D-2F ). These results indicate that the truncated CMK-1(1-304) protein encoded by cmk-1(pg58) accumulates in the nucleus.
cmk-1 Acts in the FLP Thermal Nociceptors cmk-1 is expressed throughout the nervous system (Satterlee et al., 2004;  Figure 2C ). In order to understand how CMK-1 affects thermal avoidance, it was necessary to identify its neuronal locus of action. We noted that cmk-1(pg58) is recessive to wild-type and found that it could be rescued by a transgene driving the expression of cmk-1 cDNA under the control of a 2 kb fragment of cmk-1 endogenous promoter ( Figure 3A ). These observations indicate that the impact of the pg58 allele can be counteracted by wild-type proteins and pave the way toward identifying the neurons where CMK-1 signaling is relevant to thermal avoidance through cell-specific rescue. Our strategy was to fuse known neuron-specific promoters upstream of the wild-type cmk-1 coding sequence and to include in the expression construct SL2::mCherry or SL2::GFP reporters, which are trans-spliced into a second transcript. This enabled us to visualize neurons expressing the transgene. Because cmk-1 is known to act in the thermoreceptor neuron AFD to regulate thermotaxis (Satterlee et al., 2004) , we started with the AFD-specific gcy-8 promoter and found no rescue of noxious heat avoidance in three independent lines ( Figure 3A ). We also found no difference in AFD morphology assessed with a gcy-8p::GFP reporter ( Figure S3B ). Furthermore, we genetically ablated AFD in the cmk-1(pg58) background. Mutants with or without intact AFD neurons behaved identically, indicating that the cmk-1(pg58) defect in thermal avoidance is independent of the AFD neurons ( Figure S3A ). These results indicate that cmk-1 regulates noxious heat avoidance through a neural pathway that is distinct to the one used to regulate thermotaxis at innocuous temperatures.
Next, we extended cell-specific rescue experiments to other neurons, focusing on those previously shown to be thermosensitive: AWC, ASI, PVD, and FLP (Beverly et al., 2011; Biron et al., 2008; Chatzigeorgiou et al., 2010; Kuhara et al., 2008; Liu et al., 2012) . We observed no rescue effect with the tax-4 promoter, which drives expression in AWC, ASI, AFD, and several other classes of sensory neurons (Komatsu et al., 1996) . In contrast, we observed a significant rescue effect with (i) the egl-46 promoter, exclusively driving expression in the FLP and PVD neurons in adults, and (ii) the mec-3 promoter, driving expression into the touch receptor neurons (TRNs), PVD and FLP ( Figure 3A ). Previously, we found that the TRNs were not required for proper behavior in noxious heat gradient assays (Glauser et al., 2011a) . Since the mec-3 promoter transgenes created for this study produced visible PVD expression in less than 10% of transgenic animals, cmk-1(pg58) function in PVD is unlikely to be a major determinant of thermal avoidance. FLP nociceptors were thus the best candidates. Among transgenic mec-3p::cmk-1(+);cmk-1(pg58) rescue lines, we noted a large variance in transgene expression in FLPs as well as in the magnitude of the heat avoidance rescue effect. If FLP neurons were a critical cellular locus of cmk-1(pg58) action, then variations in the heat avoidance index should correlate with variations in the fraction of animals expressing the transgene in FLPs. Consistent with this idea, we found that the heat avoidance index and the penetrance of transgene expression in FLPs were linearly correlated ( Figure 3B , left). Indeed, the higher the proportion of animals expressing the transgene in FLPs, the closer the heat avoidance index was to the value in wild-type worms. In comparison, no such correlation was observed for the touch receptor PLM ( Figure 3B , right). We further analyzed transgenic animals from one mec-3p::cmk-1 rescue line by separately scoring individuals that were expressing GFP in FLP and individuals that were not. Strikingly, rescue was detected only in animals expressing the transgene in FLP (FLP+ bar in Figure 3C ). These data imply that expression of wild-type cmk-1 in FLP is sufficient to restore noxious heat avoidance.
To determine if FLP neurons were necessary for noxious heat avoidance, we evaluated the effect of ablating FLP neurons on noxious heat avoidance. We generated a line expressing a caspase suicide transgene to ablate FLP neurons. This line also ablated PLM. In a wild-type cmk-1 background, ablating FLP (and PLM) produced a partial defect in heat avoidance ( Figure 3D ), consistent with previous experiments showing that FLP acts redundantly with other neurons to trigger heat-evoked withdrawal behaviors (Liu et al., 2012) . In striking contrast, ablating FLP (and PLM) in the cmk-1(pg58) mutant background produced the reverse effect, with a marked recovery of noxious heat avoidance ( Figure 3D ). Collectively, these results show that cmk-1(pg58) acts in the FLP thermal nociceptors to moderate the responsiveness to noxious heat.
CMK-1 Translocates to the Nucleus of FLP Nociceptors during Thermal Adaptation
Having identified the FLP thermal nociceptors as a primary locus of action for CMK-1 signaling in the control of thermal avoidance, we next examined the subcellular localization of CMK-1 in these neurons. As in other CMK-1-expressing neurons ( Figures  2D-2F ), CMK-1(1-348) was predominantly cytoplasmic in the FLP neurons of animals grown at 20 C, and the truncated protein CMK-1(1-304) was equally distributed between the nucleus and the cytoplasm ( Figure S4A ). The subcellular expression of the wild-type, full-length CMK-1(1-348) was temperature dependent: acclimation at 28 C caused a marked accumulation of CMK-1 in the nucleus of FLP thermal nociceptors but had no detectable effect on CMK-1 localization in the PLM (C) Transgenic animals expressing GFP in at least one FLP neuron (FLP+) were compared to those lacking any detectable GFP in FLP (FLPÀ) and to nontransgenic cmk-1(pg58) control animals. Data are the mean ± SEM (R5 independent assays).*p < 0.01; ns, not significant by Student's t tests versus cmk-1(pg58) with no transgene. (D) Heat avoidance index in animals where the FLP (and PLM) neurons were ablated with suicide transgenes. Bars are the mean ± SEM. A two-way ANOVA showed a significant ablation 3 cmk-1 allele interaction effect (p < 0.001). *p < 0.05, **p < 0.001 by Bonferroni post hoc tests. (E) Subcellular localization of CMK-1 in FLP and in PLM neurons of [mec-3p::CMK-1(wt)::GFP] transgenic animals. Worms were either maintained at 20 C or exposed to 28 C for 2 hr, a treatment known to reduce thermal avoidance behavior ( Figures 1A and 1B ). **p < 0.01; ns, not significant by chi-square test. mechanoreceptors ( Figure 3E ). This change in nuclear expression in FLP was apparent within 30 min of acclimation at 28 C and was maximal after 1 hr ( Figure 3F ). Since nuclear expression of CMK-1 in the cmk-1(pg58) mutant is linked to reduced avoidance, these results suggest a model where temperaturedependent nucleocytoplasmic shuttling of CMK-1 functions as a natural mechanism tuning nociception during adaptation.
CMK-1 Functions Antagonistically in the Cytoplasm and in the Nucleus to Control Thermal Avoidance CaM kinases are thought to have distinct functions in the nucleus and in the cytoplasm, though differential effects have not always been systematically evaluated (Wayman et al., 2008) . Since the mutant CMK-1 protein in pg58 animals abnormally accumulates in the nucleus, it offers an entry point to further dissect the contribution of nuclear and cytoplasmic CMK-1 signaling. We started by addressing whether the altered localization of CMK-1(1-304) per se could account for the noxious heat avoidance decrease in cmk-1(pg58) mutants. In principle, altered behavior in pg58 mutants might result from aberrant CMK-1 signaling in the nucleus, from the reduction of normal CMK-1 signaling in the cytoplasm, or from a combination of both factors. To test these models, we engineered CMK-1 proteins with deliberately biased subcellular localization: either targeted to the nucleus by the addition of an EGL-13 nuclear localization signal (NLS; Lyssenko et al., 2007) or targeted to the cytoplasm by the addition of a canonical NES (Solinger et al., 2010) (Figure 4A ). These manipulations successfully changed the localization of CMK-1 ( Figure 4B ), and we next evaluated their impact on heat avoidance.
We started by testing whether CMK-1 signaling has an instructive role in the nucleus. First, we expressed different GFP-tagged isoforms of the mutant protein CMK-1(1-304) in the cmk-1(ok287) null background. Expressing CMK-1(1-304), which has similar cytoplasmic and nuclear expression, produced a significant decrease in noxious heat avoidance ( Figure 4C ). This effect was not as strong as that in cmk-1(pg58) animals, however, potentially due to differences in expression levels between the transgene and the endogenous gene. Next, we expressed a nucleus-targeted form, CMK-1(1-304)+NLS, and a cytoplasm-targeted form, CMK-1(1-304)+NES (Figures 4A and  4B ). Expressing the nucleus-targeted form CMK-1(1-304)+NLS caused a decrease in noxious heat avoidance, whereas expressing the cytoplasm-targeted form CMK-1(1-304)+NES had no effect ( Figure 4D ). These data suggest that CMK-1(1-304) has an active role in the nucleus to reduce noxious heat avoidance in cmk-1(pg58) mutants. Second, we repeated these experiments with the full-length protein CMK-1(1-348)::GFP targeted to either the nucleus or the cytoplasm ( Figure 4D ). We observed the same results as with the truncated protein. Notably, we obtained very similar results with both cmk-1 and mec-3 promoters. These data suggest that, regardless of CMK-1 truncation, nuclear CMK-1 signaling in FLP is sufficient to reduce heat avoidance.
Next, we wanted to investigate whether CMK-1 signaling also had an instructive role in the cytoplasm that could potentially counteract its signaling in the nucleus. This model is supported by our finding that noxious heat avoidance defect in cmk-1(pg58) can be rescued by a CMK-1(1-348)::GFP transgene expressed with its endogenous promoter or with the promoters targeting FLP ( Figure 3A) . We performed additional rescue experiments with cytoplasmic and nuclear-targeted CMK-1(1-348). The cytoplasmic form yielded a complete rescue comparable to that obtained by untargeted CMK-1. In contrast, nucleus-targeted proteins produced a significantly reduced rescue effect ( Figure 4E ). In the latter case, the residual rescue effect could reflect cytoplasmic CMK-1 signaling, since a fraction of CMK-1(1-348)+NLS was still detected in the cytoplasm ( Figure 4B ). These data support a model in which the effect of the pg58 mutation can be overcome by re-expression of wildtype protein in the cytoplasm because CMK-1 cytoplasmic activity per se can favor thermal avoidance. To further test this idea, we evaluated the impact of overexpressing a cytoplasmic form of CMK-1 in the wild-type background. When its expression was driven by either cmk-1 promoter or mec-3 promoter, this transgene upregulated thermal avoidance such that the acclimation effect (at 28 C) was abrogated ( Figure 4F ). These results support a model where cytoplasmic CMK-1 signaling in FLP promotes thermal avoidance independently of the pg58 mutation.
In conclusion, together with our findings on CMK-1 subcellular localization in FLP ( Figures 3E and 3F) , these data support a model in which CMK-1 shuttles between the nucleus and the cytoplasm of FLP neurons, where it produces antagonistic signals to modulate thermal nociception.
Kinase Activity Is Required for Both Cytoplasmic and Nuclear Functions of CMK-1 Next, we wondered whether the kinase activity of CMK-1 was required for its nuclear and cytoplasmic roles in controlling thermal avoidance. To address this question, we expressed CMK-1 proteins with a K52A point mutation previously shown to block CMK-1 catalytic activity (Kimura et al., 2002) . Contrary to catalytically intact CMK-1(1-304) proteins, K52A mutant proteins were unable to cause a decrease in heat avoidance in the cmk-1(ok287) null background when expressed from the cmk-1 endogenous promoter or from the mec-3 promoter ( Figure 4G) . Similarly, and in contrast to wild-type proteins, K52A proteins were unable to rescue cmk-1(pg58) heat avoidance decrease effect (p < 0.001) and was followed by Bonferroni post hoc tests: * * p < 0.001 as compared to the cmk-1(pg58) control without rescue; *p < 0.001 as compared to wild-type (N2). (F) The effect of 1 hr acclimation at 28 C on wild-type and transgenic animals overexpressing the cytoplasmic isoform CMK-1(1-348)+NES under the control of cmk-1 or mec-3 promoters. A two-way ANOVA showed a significant genotype 3 acclimation interaction effect (p < 0.01). *p < 0.01; ns, not significant by a priori contrasts.
(G and H) Noxious heat avoidance in transgenic animals expressing CMK-1(1-304) (G) or CMK-1(1-348) (H) with a mutated catalytic site residue (K52A). Bars are the mean ± SEM of n R 10 independent assays, each scoring at least 100 animals. Separate one-way ANOVAs showed significant genotype effects (p < 0.01). **p < 0.01; ns, not significant versus the cmk-1(ok287) (G) or cmk-1(pg58) (H) control by a priori contrasts. See also Figure S4 .
( Figure 4H ). We observed no effect of the K52A mutation on the localization of CMK-1 proteins in FLP neurons, however. This was true for the truncated CMK-1(1-304) isoform ( Figure S4A ) and for the full-length CMK-1(1-348) isoform in both unstimulated (20 C) and acclimated (28 C) situations ( Figure S4B ). These results suggest that the nuclear and the cytoplasmic functions of CMK-1 depend on its kinase activity and that temperaturedependent CMK-1 translocation to the nucleus does not require the enzyme to become catalytically active.
cmk-1(pg58) Reduces Heat-Evoked Neuropeptide Release from FLP Neurons
In principle, the cmk-1(pg58) mutation could impair FLP development, inhibit thermotransduction, or affect transmission of information from FLPs to downstream neurons. When comparing FLP neuron morphology in transgenic animals expressing mec-3p::myrGFP in cmk-1(+) and cmk-1(pg58) backgrounds, we noticed no obvious difference ( Figure S5 ). Next, we sought to investigate the activation of FLP neurons by heat. We were unable to detect any heat-evoked currents with whole-cell patch clamp recording from wild-type FLP neurons, precluding a com- (Chatzigeorgiou et al., 2010) . We found that the cmk-1(pg58) mutation did not affect FLP activation by heat ( Figures 5A and 5B). Whereas these data can't exclude subtle effects of cmk-1(pg58) on FLP responses to heat, they suggest that the cell-autonomous impact of CMK-1 signaling in FLP might occur downstream of heat-evoked Ca 2+ signaling. We thus hypothesized that cmk-1(pg58) mutation could affect neurotransmission from FLP neurons. To test this hypothesis, we developed an assay to evaluate neuropeptide secretion from FLP neurons, adopting an approach previously used with cholinergic motor neurons (Sieburth et al., 2007) . We fused the sequence of the FLP-21 neuropeptide, known to be expressed in FLP (Kim and Li, 2004) , to that of mCherry and expressed this reporter transgene specifically in FLP. The secretion of the FLP-21::mCherry reporter was assessed by quantifying the fluorescence in coelomocytes, which are scavenger cells that take up secreted proteins through endocytosis from extracellular fluids (Fares and Grant, 2002) . In wild-type animals, the neuropeptide secretion reporter produced a robust signal in coelomocytes that was markedly affected by temperature, gradually rising from 15 C to 28 C ( Figure 5C ). When animals were shifted from 20 C to 28 C, the signal rose within the first hour ( Figure 5D ). Since the reporter transcription level was unaffected (data not shown), these observations suggest that neuropeptide secretion from FLP is modulated by temperature in wild-type animals. When repeating these analyses in the cmk-1(pg58) mutant background, we found that the baseline signal between 15 C and 20 C was not affected by the mutation. However, heat-evoked increases in neuropeptide secretion were markedly reduced ( Figures 5C and 5D ). Because CMK-1 expression is not detected in coelomocytes, it is unlikely that the reduced signal in cmk-1(pg58) mutants reflects an impairment of endocytosis in these cells. Taken together, these data suggest that the cmk-1(pg58) mutation has little or no effect on the development and morphology of the FLP neurons or their ability to sense noxious heat but impairs their ability to secrete neuropeptides in response to temperature elevations.
CKK-1 Controls CMK-1 Subcellular Localization and Activity
The C. elegans CaM kinase kinase, CKK-1, can phosphorylate CMK-1 at a conserved residue (T179) to regulate its activity (Eto et al., 1999) . We wondered whether this process had a role in the control of thermal avoidance. To address this question, we evaluated the ability of cmk-1(pg58) mutation to reduce thermal avoidance when CKK-1 is absent in ckk-1(ok1033);cmk-1(pg58) double mutants. The double mutant behaved like the ckk-1 single mutant, displaying significantly better avoidance as compared to cmk-1(pg58) ( Figure 6A ). This result suggests that CMK-1(1-304), the protein encoded by cmk-1(pg58), requires phosphorylation by CKK-1 in order to reduce thermal avoidance. Interestingly, the ckk-1 mutation itself caused a moderate reduction in noxious heat avoidance as compared to wild-type. This effect required cmk-1, since a ckk-1(ok1033);cmk-1(ok287) double null mutant behaved like the wild-type ( Figure 6B ). No acclimation effect was observed in ckk-1(ok1033) mutants ( Figure 6C ). These observations are consistent with a model where CKK-1 increases thermal avoidance by activating cytoplasmic CMK-1 signaling and decreases thermal avoidance by activating nuclear CMK-1 signaling.
We conducted additional experiments to further substantiate this model. First, we evaluated the impact of exogenous CMK-1(1-304) truncated proteins when the ckk-1 gene is disrupted. Whereas expressing CMK-1(1-304) was sufficient to impair thermal avoidance in cmk-1(ok287) animals lacking endogenous CMK-1, expressing CMK-1(1-304) in cmk-1(ok287);ckk-1(ok1033) lacking both CMK-1 and CKK-1 endogenous proteins failed to alter thermal avoidance (Figure 6D) . Similarly, a CMK-1(1-304)T179A protein, lacking the phosphorylation site targeted by CKK-1, was unable to decrease thermal avoidance in cmk-1(ok287) mutants (Figure 6D ). Second, we tested whether a CMK-1(1-348)T179A mutant protein could rescue the heat avoidance decrease in cmk-1(pg58) animals. Unlike wild-type CMK-1(1-348), the T179A mutant protein produced no significant rescue of the phenotype when expressed from either the cmk-1 promoter or the mec-3 promoter ( Figure 6E ). Collectively, these results support the model in which CKK-1 signaling is required (i) for the CMK-1(1-304) truncated protein to reduce thermal avoidance, presumably through its nuclear activity, and (ii) for the CMK-1 cytoplasmic activity to counteract the effect of cmk-1(pg58) mutation. Does CKK-1 also alter the subcellular localization of CMK-1? We found that the nuclear accumulation of wild-type CMK-1(1-348) in FLP neurons during acclimation at 28 C ( Figure 3F ) was strongly diminished in ckk-1(ok1033) mutants ( Figure 6F) . Similarly, removing the CKK-1 target residue of CMK-1 in the CMK-1(1-348)T179A mutant protein strongly reduced heat-induced translocation in the nucleus ( Figure 6G ). These results indicate that phosphorylation by CKK-1 is needed for CMK-1 nucleocytoplasmic shuttling during heat acclimation in FLP neurons.
We next wondered whether the action of CKK-1 in controlling thermal avoidance was limited to CMK-1 relocalization or if it was also required to upregulate CMK-1 activity in the nucleus. First, we examined the subcellular localization of CMK-1(1-304)T179A. We had observed that CMK-1(1-304) T179A was unable to reduce thermal avoidance in cmk-1(ok287) mutant ( Figure 6D ). This could be due to (i) the inability of the protein to translocate in the nucleus or (ii) a lack of phosphorylation-dependent activation. Our results support the second model, since we found that the T179A mutation did not affect the nuclear accumulation of CMK-1(1-304) ( Figure 6H ). Second, we redirected CMK-1(T179A) to the nucleus with the addition of an ectopic NLS and examined its ability to reduce thermal avoidance in cmk-1(ok287) animals. Unlike proteins with an intact T179 residue, none of the T179A mutant proteins produced an avoidance decrease ( Figure 6I ). This was true for both truncated CMK(1-304) and full-length CMK-1(1-348) expressed under the control of the cmk-1 or mec-3 promoters. Thus, while the T179 residue is critical for redirecting CMK-1 to the nucleus, such nucleocytoplasmic shuttling is not sufficient to control thermal avoidance, and CKK-1 also works by upregulating CMK-1 activity.
Collectively, these data place CKK-1 upstream of CMK-1 in the pathway controlling noxious heat avoidance, with CKK-1 achieving three conceptually distinct roles: (i) promoting CMK-1 activity in the cytoplasm to increase avoidance, (ii) controlling the nucleocytoplasmic shuttling of CMK-1 during acclimation, and (iii) promoting CMK-1 activity in the nucleus to reduce avoidance ( Figure 6J ).
DISCUSSION
CMK-1 has been previously implicated in the function of the AFD thermoreceptor neurons and in behavioral responses to innocuous thermal gradients (Satterlee et al., 2004) . Here, we introduce a gain-of-function allele of cmk-1 and show that this mutation alters the subcellular localization of CMK-1 and the operating range for noxious heat avoidance in an AFD-independent manner. In the thermal nociceptor FLP, CMK-1 shuttles between the nucleus and the cytoplasm during physiological adaptation to prolonged heat stimuli.
We propose a model where the nucleocytoplasmic shuttling of CMK-1 in the FLP neurons mediates the experience-dependent modulation of thermal avoidance ( Figure 6J ). In wild-type animals that have not experienced noxious heat, CMK-1 resides mainly in the cytoplasm, where it acts to maintain a low threshold for heat avoidance. Upon prolonged exposure to heat, Heat avoidance index as a function of genotype; bars are mean ± SEM (n R 15 independent assays, each scoring at least 100 animals). A one-way ANOVA showed a significant genotype effect (p < 0.001) and was followed by Bonferroni post hoc tests: *p < 0.01 versus wild-type, #p < 0.01 versus cmk-1(pg58).
(B) Heat avoidance index as a function of genotype; bars are mean ± SEM (n R 15 independent assays, each scoring at least 100 animals). A one-way ANOVA showed a significant genotype effect (p < 0.001) and was followed by Bonferroni post hoc tests: *p < 0.01 versus wild-type.
(legend continued on next page)
Neuron
CaMKI Controls Thermal Nociception CMK-1 progressively relocalizes to the nucleus, where it acts to raise the threshold for heat avoidance. This is reminiscent of the situation in AFD (Yu et al., 2014) in which conditioning at temperatures within the physiological and innocuous thermal range (15 C-25 C) also affects the subcellular localization of CMK-1. Taken together, the results of both studies suggest that CMK-1 signaling has a widespread role in adjusting sensory neuron output according to past sensory experience.
Our data indicate that CMK-1 has an instructive role in the nucleus to reduce thermal avoidance. Indeed, when expressed in a cmk-1 null background, isoforms of CMK-1 directed to the nucleus reduced thermal avoidance, whereas isoforms expressed in the cytoplasm did not. In order to reduce thermal avoidance, the nuclear isoforms of CMK-1 required both an intact T179 residue, essential for phosphorylation-dependent activation by CKK-1, and an intact K52 residue, essential for CMK-1 kinase activity. Moreover, knocking down the ckk-1 gene inhibited the ability of CMK-1(1-304) proteins to affect thermal avoidance. Thus, it is likely that the action of CMK-1 in the nucleus requires a CKK-1-dependent activation of its kinase activity. Our data also show that, during heat acclimation, CKK-1-dependent phosphorylation of CMK-1 controls the translocation of CMK-1 into the nucleus, an event that was necessary, but not sufficient, to reduce thermal avoidance. Thus, we conclude that CKK-1-dependent phosphorylation of CMK-1 has a dual role in promoting CMK-1 nuclear signaling: (i) it mediates CMK-1 translocation into the nucleus and (ii) it contributes to activate the kinase activity of nuclear CMK-1. We also provide evidence for an active role of CMK-1 signaling in the cytoplasm. Indeed, we found that overexpressing cytoplasmic forms of CMK-1 was sufficient to (i) inhibit acclimation effects in wild-type and (ii) counteract the impact of nuclear CMK-1 signaling in the cmk-1(pg58) mutant. Since the latter effect also required the T179 and K52 residues, these data indicate that the cytoplasmic role of CMK-1 requires CKK-1-dependent activation of its kinase activity.
The cmk-1(pg58) mutation acts cell autonomously in the FLP thermal nociceptors. The critical role of FLP neurons in mediating cmk-1(pg58) mutation effects is further supported by the results of neuron ablation experiments. Moreover, across all our experiments with transgenic animals, the behavioral effects of expressing different CMK-1 isoforms under the control of the mec-3 promoter, which restricts expression to FLP and TRNs, were similar and of almost the same magnitude as the effects produced with the cmk-1 promoter. While leaving open the possibility that additional neurons contribute, these data support a view where FLP neurons are a dominant locus of action for CMK-1 signaling in the control of heat avoidance. To learn more on how CMK-1 signaling affects FLP neurons, we further studied the impact of the cmk-1(pg58) mutation. We found that the mutation affected neither the morphogenesis of FLP neurons nor their ability to detect temperature, as assessed with intracellular calcium concentration measures. While these data do not exclude subtle effects of cmk-1(pg58) on FLP thermotransduction, they prompted us to examine FLP function downstream of heat-induced intracellular calcium signals. We found that neuropeptide secretion increased steadily with temperature in wild-type animals. In itself, this finding is interesting, as it suggests that a temperature-adjusted release of neuropeptides by FLP could be used to signal the perceived degree of thermal stress to other neurons or tissues and tune physiological and behavioral outputs. Consistent with this notion, neuropeptide signaling has been repeatedly linked to behavioral plasticity in C. elegans (Chalasani et al., 2010; Chen et al., 2013; Kodama et al., 2006; Li et al., 2013; Tomioka et al., 2006) . We found that the cmk-1(pg58) mutation inhibited the heat-induced elevation in neuropeptide secretion by FLP neurons. We speculate that disrupted neuropeptide signaling from FLP could be one mechanism by which the cmk-1(pg58) mutation alters thermal acclimation and noxious heat avoidance. Future studies will need to address the nature of the (C) Adaptation of heat avoidance after 1 hr acclimation at 28 C versus 20 C in wild-type animals and ckk-1(ok1033) null mutants. Bars are mean heat avoidance index ± SEM (n R 10 independent assays, each scoring at least 100 animals). A two-way ANOVA showed a significant genotype 3 acclimation temperature interaction effect (p < 0.001). *p < 0.01; ns, not significant by Bonferroni post hoc tests.
(D) Impact of ckk-1 knockout and of the T197A mutation on the ability of truncated CMK-1(1-304) isoforms to alter heat avoidance. Transgenic proteins expressed under the control of the endogenous cmk-1 promoter. Bars are the mean (±SEM) heat avoidance indices derived from n R 10 independent assays, each scoring at least 100 animals. Separate Student's t tests were performed, and results were corrected for multiple testing with a Bonferroni correction. *p < 0.01; ns, not significant. (E) Impact of the T179A mutation on the ability of full-length CMK-1(1-348) proteins to rescue heat avoidance in the cmk-1(pg58) mutant. Full-length isoforms expressed under the control of the cmk-1 and mec-3 promoters, as indicated. Bars are mean ± SEM of n R 10 independent assays, each scoring at least 100 animals. A one-way ANOVA showed a significant genotype effect (p < 0.001). *p < 0.01 versus no transgene control; ns, not significant by Bonferroni post hoc tests. (H) Impact of knocking out ckk-1 and of mutating the CKK-1 target residue T179 of CMK-1 on the subcellular localization of CMK-1(1-304) in FLP neurons. ns, not significantly different from CMK-1(1-304) by chi-square tests.
(I) Impact of the T179A mutation on the ability of nuclear isoforms of CMK-1 to reduce thermal avoidance in cmk-1(ok287) mutants. Bars are mean heat avoidance indices ± SEM (n R 10 independent assays, each scoring at least 100 animals). Two one-way ANOVAs showed significant genotype effects (each p < 0.001). **p < 0.01; *p < 0.05; ns, not significant versus the no transgene control by Bonferroni post hoc tests. (J) Model for the control of thermal avoidance by CKK-1/CMK-1 signaling in FLP thermal nociceptors. In wild-type animals that have not experienced noxious temperatures, CMK-1 is found primarily in the cytoplasm and promotes thermal avoidance in a CKK-1-dependent manner from this subcellular locus. Upon prolonged exposure to heat, CMK-1 translocates to the nucleus to produce apparent analgesia and decrease thermal avoidance. Both temperature-dependent translocation of CMK-1 and its activity in the nucleus require an intact CKK-1 kinase.
intracellular signaling pathways acting downstream of CMK-1 to control thermal nociception. Since CMK-1 signaling acts in both the cytoplasm and the nucleus, relevant targets may reside in both compartments. A screen for genes required for thermal nociception in Drosophila highlighted several components of intracellular Ca 2+ signaling (Neely et al., 2010) . By independently identifying a gain-of-function mutant in another intracellular Ca 2+ signaling component, our study further substantiates the connection between Ca 2+ signaling and nociception and places CaM kinase as a key effector in adjusting the signals delivered by nociceptors. If favoring CaM kinase localization to the nucleus is sufficient to decrease the sensitivity to noxious stimuli in mammals as it seems to be in worms, then we might hold a mechanism of potential interest to develop novel analgesics.
EXPERIMENTAL PROCEDURES
Worm Maintenance and Strains C. elegans strains were used and maintained according to standard methods (Stiernagle, 2006) . Those used in the present study are described in the Supplemental Experimental Procedures.
Mutagenesis Screen and Mutation Mapping N2 animals were mutagenized with ethyl methanesulfonate (Jorgensen and Mango, 2002) , and F2 animals were screened in double thermal barrier assays ( Figure S1A ). Animals able to cross two thermal barriers within 10 min were recovered. The original cmk-1(pg58) line was outcrossed twice with the N2 strain to create the strain GN244 cmk-1(pg58). The mutant was crossed with the CB4856 strain, and the approximate location of the mutation was determined using previously described SNP markers (Davis et al., 2005) . Wholegenome sequencing (WGS) and data analyses were then performed in Oliver Hobert's lab at Columbia University (New York, NY, USA) according to published procedures (Bigelow et al., 2009; Sarin et al., 2008) . The Supplemental Experimental Procedures report additional details on the mutagenesis screen and genetic mapping.
Behavioral Assays
The thermal barrier assay was modified from the previously described thermal barrier assay (Glauser et al., 2011a) by adding a second barrier ( Figure S1A ). The noxious heat thermogradient and thermotaxis assays were performed as previously reported (Glauser et al., 2011a) . For all behavioral assays, adult worms (1 day old) were starved for 5-7 hr prior to testing (Glauser et al., 2011a) . The only exception was thermotaxis assays, where animals were well fed prior to testing. The Supplemental Experimental Procedures report additional details on the calculation of the heat avoidance index.
mRNA Expression Quantification Total mRNA was prepared from synchronized young-adult whole-animal lysate and analyzed by RT-qPCR as previously described (Glauser et al., 2011b) . The detailed procedure and primer sequences are presented in the Supplemental Experimental Procedures.
Cloning and Transgenesis
All cloning procedures are detailed in the Supplemental Experimental Procedures. Transgenesis was done by gonad microinjection as previously described (Evans, 2006) . We used the unc-122p::RFP coinjection marker labeling coelomocytes, except for the neuropeptide secretion lines, for which we used a myo-2::mCherry construct labeling pharyngeal muscles (Miyabayashi et al., 1999) .
Subcellular Localization of CMK-1
The neurons were classified according to the relative intensity of CMK-1::GFP fusions in the cytoplasm and the nucleus. The scoring was performed by a single experimenter, who was blind to the genotypes, using an AxioPlan 2 fluorescence microscope (Zeiss) with a 403 objective (air, NA = 0.95). More details on the scoring criteria are described in the Supplemental Experimental Procedures. The photomicrographs presented in Figures 2E, 2F , and S5 were acquired using a Deltavision IX71 Olympus microscope with deconvolution treatments of image z stacks.
In Vivo Calcium Imaging Imaging of calcium dynamics in the FLP neurons was performed using animals expressing egl-46p::YC2.3 in the FLP neurons (Chatzigeorgiou et al., 2010) , according to the method detailed in the Supplemental Experimental Procedures.
FLP Neuropeptide Secretion Assay
To achieve FLP-specific expression, we used the Q-system (Wei et al., 2012) . Our strategy was to combine (i) a mec-3p::QF transgene, to express the QF transcription factor in FLP and TRNs, with (ii) a mec-4p::QS transgene, to express the QS transcriptional repressor (which represses QF-dependent transcription) only in TRNs. The QF-dependent transcription of a third construct, QUAS::reporter, was therefore selectively activated in FLP. We evaluated this system with a QUAS::GFP reporter and obtained a robust transgene expression in FLP (82% of transgenic animals), only sporadic expression in PLM (17%), and fully abolished expression in other TRNs. Neuropeptide secretion reporter lines carrying a FLP-21::mCherry transgene were then created in the wild-type background (N2). Two independent stable lines (DAG299 and DAG300) were each crossed with GN244 animals to transfer the transgenes in the cmk-1(pg58) background (resulting in the DAG337 and DAG338 strains). We obtained similar results with two independently generated transgenes, and Figure 5 reports pooled data.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures and five figures and can be found with this article online at http://dx.doi.org/ 10.1016/j.neuron.2014.10.039.
